In the paper, comparison of an analytical and a numerical model of silica gel/water adsorber/desorber is presented. Adsorber/desorber as a part of the two-bed single-stage adsorption heat pump is discussed. The adsorption heat pump under consideration consists of an evaporator, two adsorber/desorber columns and a condenser. Only heat and mass transfer was taken into account during operation of assumed adsorption heat pump. Adsorption equilibrium was described by the Dubinin-Astachov model. The presented mathematical models, both analytical and numerical, were created to describe the temperature, heat and concentration changes in the adsorber/desorber and consequently to describe the performance of the adsorption heat pump. Heat and mass transfer equations of the model were solved analytically and calculation parameters were entered in the common spreadsheet. The numerical model was established comprising of the set of heat and mass balance partial differential equations, together with the initial and boundary conditions and was solved by the numerical method of lines. The developed analytical model is very basic and can be used only for the initial estimates of mean cyclic temperature of the cooling/heating water in the adsorber/desorber bed. Validation of the numerical model shows reasonable agreement between the numerical and experimental averaged bed temperatures and is an indication of the proper mathematical modeling and the accuracy of the numerical analysis.
INTRODUCTION
With the aim to reduce the amount of primary energy used for domestic heating purposes, the introduction of heat driven heat pumps can provide a significant improvement in fossil fuel utilisation [1] . Recently a large amount of research has been done on various types of adsorption heat pumps, as an alternative to vapor compression systems. Performance of adsorption systems for heating and air conditioning was discussed by Restuccia and Cacciola [2] , performance with taking into account regeneration in [3, 4] , as well as performance for a four-bed adsorption heat pumpin [5] . Basic principles, theories and cycle performance thermodynamics of solid adsorption solar refrigeration was presented in [6] , even new type of adsorber for an adsorption ice maker on fishing boats was designed [7] . An interesting theoretical study [8] was performed to investigate the potential of storing thermal energy using a heat pump which is a thermo-chemical storage system consisting of water as sorbate, and sodium chloride as the sorbent.
Adsorption processes are widely used in the chemical industry, environmental protection and other fields, i.e., for adsorption with chemical reactions [9, 10] , for separation and purification of gases and liquids [11] , in the thermal swing adsorption systems [12] .
During the past two decades, this phenomenon has been exploited to produce cooling and heating [13] . In [14, 15] the possibilities and limits of this technology are analysed. Solid-gas sorption heat powered cycles appear to be an attractive alternative for cooling [16] or air conditioning applications [17] . Cogeneration of fuel cell and sorption air conditioning systems was widely analysed in [18] .
Adsorption heat pumps have, aside from environmental benefits, several advantages compared to conventional vapor compression systems, such as: simplicity, no moving parts, low maintenance requirements, and the use of stable, non-toxic reactants, as adsorbents and adsorbates [1] . They also have disadvantages: the discontinuity of action, high-design requirements for maintaining a vacuum, large size and relatively low Coefficient Of Performance (COP) [19] .
The operation of adsorption heat pumps is based on the ability of the porous adsorbent to adsorb vapor (adsorbate) at low temperature, and to desorb it when heated. The performance of an adsorption heat pump is controlled by many parameters, such as adsorbent and adsorbate properties, system design and operating conditions.
There are several adsorbent-adsorbate working pairs for solid adsorption system [20] . The major adsorbates used are water, ammonia, and methanol. Conventional adsorbents are: zeolite molecular sieves [21] , silica gel [22] , alumina and active carbon [23] . Most new adsorbents are based on modification of existing one [21] , to increase the adsorption capacity and to improve the heat and mass transfer.
SILICA GEL-WATER ADSORPTION HEAT PUMP
In the paper, comparison of an analytical and a numerical model of silica gel/water adsorber/desorber is presented. Adsorber/desorber as a part of the two-bed single-stage adsorption heat pump is discussed (dashed line rectangles in Figure 1 ).
Silica gel-water pair was used because it is considered suitable for utilizing low temperature heat sources i.e., waste heat, geothermal water as driving heat source for the heat pump. Only heat transfer and mass transfer were taken into account during operation of the assumed adsorption heat pump. The adsorption heat pump under consideration consists of an evaporator, two adsorber/desorber columns and a condenser. In the adsorption heat pump there are two basic circuits:
• Closed internal circuit -the adsorbate (water vapor as refrigerant) circulates from the evaporator thru adsorber/desorber to the condenser, where refrigerant vapor turns into liquid (as it is cooled down by cooling water). The condenser is connected to the evaporator with a pipe to flow liquid refrigerant to the evaporator; • Open external circulation -as the heat/cold transport outside the device with the heating/cooling water. The operation of the heat pump includes a number of cyclic transient processes. These processes run at different temperature and pressure levels. The adsorption process is followed by a preheating process to raise the temperature and to lift up the pressure of the Example of Clapeyron diagram for one cycle of discussed two-bed single-stage adsorption heat pump is presented in Figure 2 (diagram based on analytical model). The kink at the beginning of isobaric adsorption/desorption in Figure 2 is caused by the assumed mechanism of process pressure changes during the cycle. 
MODELING OF THE SORPTION COLUMN
The presented mathematical models, both analytical and numerical, were created to describe the temperature, heat and concentration changes in the adsorber/desorber and consequently to describe the performance of the adsorption heat pump [25] [26] [27] . Part of the assumptions for both considered models is shared and listed below:
• Pressure losses of vapor as the adsorbate flows from the evaporator to silica gel grains and from grains to the condenser were negligibly small; • During the adsorption process, pressure inside the adsorber/desorber was equal to that inside the evaporator; • During the desorption process, pressure inside the adsorber/desorber was equal to that inside the condenser; • Average temperature of the reactor's cooling and hot water was constant;
• Average specific heat of the adsorbent was constant;
• Average specific heat of the water was constant;
• Thermal conductivity of the adsorbent was constant;
• The temperature inside the evaporator as well the condenser was constant;
• Vapor temperature and pressure during adsorption process was equal to the evaporator temperature and pressure; • Vapor temperature during desorption process was related to the heat balance of the bed, and the vapor pressure during the desorption process was equal to condenser pressure; • Switching between adsorption and desorption cycle (cooling water is switched to hot water) took place instantaneously. For the temperature range encountered in both the evaporator and condenser, saturated water vapor pressure was determined by the Antoine equation [28] , and with parameters from literature [29] 
where A = R T ln(ps/p) is an adsorption potential. Adsorption and desorption process dynamics was described by the application of the Linear Driving Force (LDF) model [31] . The equation to calculate the time dependent change in concentration for the working bed (silica gel) was described:
where km = 15De/ra 2 is the mass transport equation and De = D0 exp(−Ea/RT). The heat of adsorption for both adsorption and desorption processes was determined by the Clausius-Clapeyron equation [30] : The adsorption equilibria of selected adsorbent-adsorbate pair were sourced from available literature [21, 23] Other assumptions, specific for models considered in the paper, were described in detail below, in the sections dedicated to each model.
Analytical model of the adsorber/desorber
The presented one-dimensional analytical model was created to describe the temperature, heat and concentration changes in the adsorber/desorber and consequently to describe the performance of the adsorption heat pump. For analytically solved equations parameters were entered in the common spreadsheet. In the analytical model, it was assumed that for averaged parameters of the adsorbent and adsorbate, the lumped parameters model is applicable, considering the tubular geometry and aspect ratio.
Two packed bed sorption columns consist of tubes with deposited silica gel adsorbent ( Figure 4 and Figure 5 ). The sorption column performs dual function: it works as an adsorber when cooled by cooling water and as a desorber when heated by hot water from outside. The adsorber/desorber is connected to the evaporator on one side while joined to the condenser on the other side with control valves. During the adsorption process, the adsorbate (refrigerant vapor) enters the adsorber after leaving the evaporator. When cooling water is switched to hot water, the adsorbate is directed to the condenser -this is the desorption phase. The design of the adsorber/desorber element arrangement is presented in Figure 4 . The main calculation element (tube with deposited silica gel bed) contains three components that describe the adsorber/desorber heat and mass exchanger: heating/cooling water, metal pipe (tube of column), working bed (silica gel). [25, 27, 32] The adsorbed or desorbed heat can change the tube wall temperature, the adsorbent temperature as well as temperature of the adsorbed adsorbate. That heat can be then extracted by the cooling medium or delivered by the heating medium. The total heat storage capacity of the tube and of the adsorbent is taken into account, and further half of the heat storage capacity of the adsorbed adsorbate (averaged value over the ∆! L time interval). The assumption of the adsorption and desorption temperatures being constant within the ∆! time interval allows for constant values of " # coefficients for both processes, respectively. The differential in eq. (3) can thus be solved and the mass of the adsorbate adsorbed by the adsorbent can be determined for the respective time interval. The adsorbent temperature is determined from the heat balance equation for the time interval:
During the adsorption or desorption processes, the quantity of heat M (,L , transferred by the adsorbent deposited on a single tube, during the steady cyclic adsorption or desorption process, for a time interval, was determined from:
where ∆ is change in the adsorbate mass adsorbed on the adsorbent in the time interval ∆! L , from the starting instant until completion of the adsorption or desorption process.
The adsorbed or desorbed heat can change the tube wall temperature, the adsorbent temperature as well as temperature of the adsorbate. That heat can be then extracted by the cooling medium or delivered by the heating medium. The heat M O,L , transferred from adsorbent (silica gel) and adsorbate (water vapor) through the tube to the fluid (cooling/hot water) during the adsorption and desorption processes was determined from equation:
where 
where " D is the linear heat transfer coefficient. Some further transformations (described in [24] [25] [26] ) lead to the following relationship of the tube and adsorbent temperature at the end of the time interval ∆! L . Additional assumption was made that the temperature of adsorbent (,L
YY
is approximately equal to the temperature of the adsorbent and tube's wall X,L due to negligibly small differences:
In the model the effect of temperature of supply and return heating/cooling water on heat exchange and adsorption/desorption in the adsorption heat pump was taken into account. In the expanded model the cooling down of the heating medium (temperature drop) or the heating up of the cooling medium (temperature rise) in the bed in an assumed time step ∆! L is calculated by dividing the heat supplied to/released from) adsorbent in the previous time step ∆! L23 by the heat capacity of the thermal capacity factor:
The final temperature of the fluid is determined by subtracting the temperature drop or temperature rise of the fluid to the initial temperature in the assumed step (the final temperature of the previous step):
The average temperature of the heating/cooling medium P,L is equal to the arithmetic mean of the initial temperature P,L Y and final temperature at the time interval P,L YY :
After taking into account time intervals ∆! L , the heat accumulated in the condenser can be determined on the basis of the adsorbate (water vapor) mass desorbed by the adsorbent:
where M H_VF is heat of condensation at the condenser temperature, and ∆E A,F is mass of water vapor (adsorbate) condensed at condenser equals to mass of water vapor desorbed on adsorbent during desorption period. The heat quantity extracted in the evaporator M A(? :
where ' A is vaporization heat at the evaporator temperature, and ∆E A,(F is mass of water vapor (adsorbate) evaporated at evaporator equals to mass of water vapor adsorbed on adsorbent during adsorption period. The heat taken by the cooling water during adsorption can be calculated from the following relationship:
where ∆E A,(F ,L (mole) is the amount of water vapor (adsorbate) desorbed during desorption within the time interval ∆! L . The heat supplied by the hot water during the adsorbent regeneration (desorption) affects the desorption of the adsorbate and increases the temperature of the tube with the deposited adsorbent. Its value can be calculated from the following relationship:
where ∆E A,F ,L [mole] is the amount of water vapor (adsorbate) desorbed during desorption within the time interval ∆! L . The mathematical model was solved analytically. To analytically solve the equations, parameters were entered in the common spreadsheet. The elementary time interval was equal to ∆! L = 1 s.
Numerical model of the adsorber/desorber
A one-dimensional numerical model was created to describe the temperature and concentration changes in the adsorbers/desorbers and to compare the results of described heat pump performance with results from analytical model. Based on the model described in [25, 27, 32] the mathematical model was established comprising the set of heat and mass balance Partial Differential Equations (PDE), together with the initial and boundary conditions and is solved by the Numerical Method Of Lines (NMOL). The PDE are reduced to a set of Ordinary Differential Equations (ODE) and is solved in POLYMATH 6.0 programming environment. The simulation software algorithm allowed calculation of various simulation scenarios automatically.
The main calculation element (adsorption/desorption column) contains components that describe the adsorber/desorber heat and mass exchanger: heating/cooling water, metal pipe (tube of column), working bed (silica gel) as presented in Figure 5 . For each calculation sub-element ( Figure 6 ) the heat and mass balance PDE were formulated (described in detail in [25, 27, 32] ). Figure 6 . Design of the calculation sub-elements of adsorber/desorber with deposited silica gel bed [25, 27, 32] The heat and mass balance equations in the calculation sub-element take into account the heat flow supplied to the process Ṁ , the heat flow generated Ṁ f , the heat flow discharged from the process Ṁ O , and the heat flow accumulated in the process Ṁ (H . The following energy balance was written for all sub-elements of the model:
The energy balance equations for water sub-element:
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The energy balance equations for metal tube sub-element:
The energy balance equations for working bed (silica gel) sub-element:
In order to solve the set of above equations the full mathematical model requires following boundary conditions formulated for described calculation elements. For the first cycle at the time t = 0 the temperatures of sub-elements of column are equal to :
Uptake at the time t = 0 was assumed:
The temperature of the process water supplied to the first column is equal to the temperature of cooling (adsorption) or heating (desorption) water:
The water sub-element has zero heat transfer at the location x = L and at x = 0 has water temperature from heat distributor #A : P nd ,ld = #A and P q ndr = 0
The model assumes perfect insulation, therefore the heat transfer to and from the ambient is equal to zero: For each calculation sub-element the heat and mass balance PDE were formulated. The heat balance equation for water sub-element was described:
The heat balance equation for tube sub-element was described:
The heat balance equation for adsorbent sub-element:
The calculation of the complete numerical dynamic model was performed. The mathematical model was solved in POLYMATH 6.0 programming environment.
Validation of the numerical model
For validation of the numerical model, a comparison with the experimental data of Restuccia et al. [33] has been made. This experimental setup consists of a lab-scale single bed module using a pack of finned stainless steel tubes and the composite sorbent SWS-1L. The geometrical specifications and the operating conditions of the numerical model have been adjusted to their counterparts in the tested lab-scale chilling module with the adsorption/desorption bed. Inlet water heating and cooling temperatures are adjusted to 95 °C and 40 °C. Other settings such as time control for isobaric and isosteric phases are also considered the same as those in Restuccia [33] . In Figure 7 comparison between the time variations of the numerical and experimental averaged bed temperatures has been made. Reasonable agreement between the results is an indication of the proper mathematical modeling and the accuracy of the numerical scheme. 
CALCULATION AND RESULTS
Adsorber/desorber as a part of the two-bed single-stage adsorption heat pump was discussed. The temperature, heat and concentration changes in the adsorber/desorber and consequently the performance of the adsorption heat pump were described. The heating coefficient of performance COPheating for the adsorption heat pump has been defined as the ratio of heat extracted during adsorption and in the condenser to the heat supplied by the heating medium (hot water) to the desorber during the regeneration of the silica gel bed:
The cooling coefficient of performance COPcooling for the adsorption heat pump has been defined as the ratio of the heat extracted in the evaporator Qevap to the heat supplied by the heating medium (hot water) to the desorber during the regeneration of the silica gel bed Qdes:
The specific power of the bed (SHP for heating and SCP for cooling) for the adsorption heat pump working cycle was defined as:
where ma is mass of the adsorbent (only silica gel, without metal). The following parameters of adsorption equilibrium described by the Dubinin-Astakhov model [30] and other parameter values used in the calculation are listed in Table 1 . The 8 calculation cases were chosen to investigate the variables affecting the adsorption/desorption process for the two-bed adsorption heat pump ( Table 2 ). The variables studied were: temperature of desorption which is equal to the hot driving water temperature (range Tdes = 353 -368 K), constant temperature of evaporation (Tevap = 288), temperature of condensation was constant as well and equal Tcond = 313 K. Cycle duration was unchanged in the examined cases (τcycle = τads + τdes = 360 s). The coefficient of performance was calculated based on eq. (38) and (39) and specific power -based on eq. (40) The calculated mean cyclic temperature of the cooling/heating water is presented in Figure 9 . The curve from analytical model is characterised by a steep slope at the beginning of phase of cycle, and then by almost continuous decreasing with rather small disorder. Possible reason of this is the assumed mechanism of the process pressure change during cycle, mean at the time of isosteric heating and cooling phases (shown in Figure 2 ). The next reason is the thermal inertia of the adsorber and simplifying assumptions in the mathematical model.
Water vapor (refrigerant) average uptake a on silica gel adsorbent calculated during cyclic operation is shown in Figure 10 . In these graphs can be observed the moment of conversion of the adsorber, which is the transition from the adsorption to the desorption process, as a change in direction of the increment values, characterized by a large gradient at the beginning of the curve. This is due, among other things, to a change of pressure and the characteristics of the bed (silica gel) described by Dubinin-Astakhov adsorption isotherms.
In the Figures 11 and 13 the effects of desorption temperature on COP and specific power, respectively, are shown. Calculated COPheating and COPcooling as a function of adsorption temperature Tads is presented in Figure 12 . In Figure 14 calculated COP in function of specific power is shown. 
CONCLUSIONS
In the paper, comparison of analytical and numerical model of silica gel/water adsorber/desorber was presented. Adsorber/desorber as a part of the two-bed single-stage adsorption heat pump was discussed.
In the numerical model, for each calculation sub-element (20 sub-elements) of bed (Figure 6 ), the heat and mass balance PDE were formulated. For validation of the numerical model, a comparison with the published experimental data has been made. Reasonable agreement between the time variations of the numerical and experimental averaged bed temperatures is an indication of the proper mathematical modeling and the accuracy of the numerical analysis.
In the analytical model, the lumped parameters model was assumed for the averaged parameters of the adsorbent and adsorbate. Heat and mass balance equations were written for the whole bed (1 element) and temperatures of fluid (water), tube, adsorbent were assumed as averaged in length and in time intervals. Due to many simplifying assumptions adopted, the analytical model developed gives results which differ from the results of the numerical model by about 30% if we compare the value of COPheating or even 50%, if we compare the value of COPcooling. Developed analytical model is very basic and can be used only for the initial estimates of mean cyclic temperature of the cooling/heating water in the adsorber/desorber bed.
Analysis of the impact of assessment parameters on operation of adsorber under consideration was performed. The calculation results from the analysis were presented in tables and figures. The 8 calculation cases (Table 2) were chosen to investigate the variables affecting the adsorption/desorption process. The results show the significant role of adsorption/desorption temperatures and adsorption/desorption cycle duration on the performance of the adsorption heat pump. Higher desorption temperature causes decrease in the COPheating and small decrease in the COPcooling as well. Higher adsorption and desorption temperature difference has an effect on the sorption bed that increase COPcooling (case 5 in Table 2 ). Higher adsorption and condensation temperature difference has an effect on the increase of COPheating (more significantly) and on the COPcooling as well (less significantly). To better investigate pressure and heat parameters further the evaporator/condenser elements need to be expanded in the considered mathematical model.
Further work is connected with comparison between the present analysis and more experiments to reconcile the differences by modifying the analysis and then to develop single-stage multi-bed adsorption systems analysis. It could be advantageous in respect to its power output control and its efficiency optimization. 
